Abstract -We demonstrate, experimentally and theoretically, that in a mode-locked two-section quantum-dot laser, the pulsewidth decreases with temperature. The primary cause is the increase of carrier capture rate with temperature, leading to a faster absorption recovery.
I. INTRODUCTION
Due to the nature of their density of states, quantum-dot (QD) semiconductors are exciting materials for realizing low-threshold and high characteristic-temperature lasers [1] . In addition, mode-locked quantum-dot lasers can also be used to generate very short pulses at high repetition rates [2] . If this high-speed performance is proven to be resilient to temperature, QD lasers can become the next generation of sources for ultrafast optical communications, because the requirement of using thermo-electric coolers can be avoided, thus decreasing cost and complexity. In this context, we have recently reported stable passive mode locking of an InGaAs QD laser in a broad temperature range [3] . In order to meet the requirements for high-speed communications, it is also important to investigate the temperature dependence of the pulse duration. For instance, in communication systems with transmission rates of 40 Gb/s or more, the temporal interval between pulses is less than 25 ps -therefore, the duration of the optical pulses should be well below this value, at any operating temperature.
In this paper, we show that counterintuitively the pulse duration and the spectral width decrease significantly as temperature is increased up to 70 o C. We performed simulations that can reproduce this trend, taking into account the temperature dependence of carrier capture and escape from the quantum dots.
II. EXPERIMENTAL RESULTS
The QD laser used in this work is a two-section device with a total length of 2.1 mm (saturable absorber length is 0.3 mm), similar to [3] . The active region was grown by MBE on a GaAs (100) substrate, containing five self-organized QD layers. The facets were HR/AR coated. The device was mounted p-side up on a copper heatsink, and a Peltier cooler was used to control the operating temperature. The gain section of the laser was electrically pumped by continuous-wave bias.
Using a background-free autocorrelator based on second-harmonic generation, the pulse duration was measured up to 70 o C. Fig. 1 depicts the decreasing pulsewidth with temperature, while keeping a constant injection current of 190 mA, and adjusting the reverse bias so as to achieve the minimum pulse duration at each temperature. It was also observed that the spectrum became narrower and red-shifted with increasing temperature. The combination of all these effects resulted in a 7-fold decrease of the time-bandwidth product, as also shown in Fig. 1 (the pulses are still highly chirped due to the strong dispersion in the semiconductor material). The spectral bandwidth decrease with temperature has been extensively investigated elsewhere and several possible causes have been pointed out, such as an increase in the homogeneous linewidth [4] , or the decrease in population Fig. 1 . Dependence of the minimum pulse duration and time-bandwidth product with temperature, at a constant injection current (optimized reverse bias for each temperature). inversion in the whole gain spectrum due to thermal coupling to the wetting layer, reducing the number of available modes above threshold [5, 6] .
The experimental dependence of pulse duration with increasing reverse bias, for several fixed values of temperatures is presented on Fig. 2 a) . The possibility of obtaining even shorter pulses at higher temperatures was limited by the shift from ground-state to excited-state emission, as the reverse bias was increased and ground-state gain became saturated.
III. SIMULATION RESULTS
In order to account for the pulsewidth decrease with temperature, we used a model for mode-locking in quantum dot lasers, described in [7] . There are two main processes to consider for the temperature change: the capture and the escape times to/from the quantum dots. Experimentally, the relative contribution of these processes cannot be disentangled, but our modelling demonstrates that the capturing process is dominant. We assumed the same carrier capture time of 12.5 ps for absorber and gain sections, at room temperature (20 o C). In the same conditions, the thermal escape time was considered to be 10 ps, which is very close to the capture time. For smaller values of the escape time, the escape process becomes practically negligible. Several simulations were performed to evaluate the role of the carrier escape and capture in the absorber and gain sections, and it was found that it is the carrier capture rate in the absorber that plays the dominant role. We assumed a temperature-dependent carrier capture rate:
where E well and E gs are the transition energies corresponding to the quantum well and to the ground state of the quantum dot and find that it matches well the experimental results. Indeed, as the temperature is increased, the carrier capture rate in the absorber section also increases, reducing the absorption recovery time and therefore shortening the pulses. This effect is demonstrated in Fig. 2 b) , where the simulation results are shown.
IV. SUMMARY
The effect of temperature on the mode-locking performance of a two-section quantum-dot laser was investigated. It was shown that the pulse duration and the spectral width decreased as temperature was increased, resulting in an overall decrease of the time-bandwidth product. These results were successfully described by a model for passive mode-locking in quantum-dot lasers, where the temperature dependence is introduced via the capture rate into the dots. The increasing capture rate in the absorber was found to be the predominant factor in the shortening of the pulses with temperature -an important insight into the specific carrier mechanisms that have an impact on the mode-locking performance of quantum-dot lasers.
